Abstract. The control of gene transcription is dependent on DNAbinding and coregulatory proteins that assemble in distinct regions of the cell nucleus. We use multispectral wide-field microscopy of cells expressing transcriptional coregulators labeled with fluorescent proteins (FP) to study the subnuclear localization and function of these factors in living cells. In coexpression studies, the glucocorticoid receptor interacting protein (GRIP) coactivator protein and the silencing mediator of retinoid and thyroid (SMRT) corepressor protein form spherical subnuclear focal bodies that are spatially distinct, suggesting that specific protein interactions concentrate these divergent proteins in separate subnuclear regions. However, the variability of these subnuclear bodies between cells within the population makes analysis based on ''representative images'' difficult, if not impossible. To address this issue, we develop a protocol for unbiased selection of cells from the population, followed by the automated quantification of the subnuclear organization of the labeled proteins. Statistical methods identify a significant linear correlation between the FP-coregulator expression level and subnuclear focal body formation for both FP-GRIP and FP-SMRT. Importantly, we confirm that these changes in subnuclear organization could be statistically normalized for differences in coregulator expression level. This integrated quantitative image analysis method will allow the rigorous comparison of different experimental cell populations that express variable levels of FP fusion proteins.
Introduction
The application of fluorescence microscopy and advanced digital imaging to the investigation of dynamic processes inside living cells is a rapidly evolving field. The recent development of new fluorescent probes, coupled with advances in digital image acquisition and analysis, has transformed studies in cell biology by allowing the behavior of proteins to be tracked in their natural environment within the living cell. The challenge now confronting cell biologists is how to extract the biologically significant information from very large and complex digital imaging datasets. For example, a single highresolution digital image commonly contains more than one million data points, and multidimensional imaging experiments may produce hundreds or thousands of these images. 1 Because of this complexity, it is often difficult to compare and contrast the morphometric information in multiple images without advanced informatics tools. 2 Fortunately, automated computer algorithms have been developed to support the quantitative analysis of subcellular morphologies captured in large digital image datasets, reviewed by Ref. 3 . These automated approaches typically involve the segmentation of the images, followed by quantitative measurement of specific features. The application of this method effectively reduces millions of data points into a few thousand morphometric measurements. However, even these simplified morphometric datasets contain many interrelated parameters, and the relationships between parameters are often difficult to interpret. To address this issue, we have developed a quantitative image analysis and statistical modeling approach, allowing us to begin to establish links between the subcellular distribution of proteins and their function in populations of living cells.
We are applying this image analysis approach to the investigation of gene regulatory proteins in the interphase nucleus. It is well established that the cell nucleus is organized in numerous distinct subcompartments that consist of specific ensembles of interacting proteins. 4 -6 The partitioning of these different subcompartments without intervening membranes indicates that the proteins that form these structures must self-organize. 7 For example, transcriptional coregulatory proteins, which function to modify chromatin structure and recruit the general transcription apparatus to target genes, assemble in subnuclear focal bodies. [8] [9] [10] [11] [12] [13] [14] The direct visualization of these subnuclear foci has been achieved by labeling the coregulatory proteins with the visible fluorescent proteins ͑VFPs͒. 8 -11,14,15 This approach has also been used to demonstrate that these highly ordered subnuclear foci are dynamic, rapidly exchanging with proteins in the surrounding nucleoplasm. 16 Defining the mechanisms that control the formation of these higher-order protein assemblies within the context of the intact cell nucleus will be necessary to understand fully the regulation of gene expression.
A quantitative imaging approach to analyze the assembly of VFP-fusion proteins into complexes in the nucleus requires an unbiased method for selection of the cells to be imaged within the population. In this regard, we reported earlier the use of monomeric red fluorescent protein ͑mRFP͒ as a noninvasive cell selection marker that allows identification of cells expressing other VFP-fusion proteins. 15 Once the cells have been selected based on diffuse mRFP, then the subcellular features of the coexpressed VFP-fusion protein can be automatically quantified using a computerized image analysis algorithm. In the current study, we used this integrated analytical method to characterize in detail the subnuclear organization of the nuclear receptor coactivator glucocorticoid receptor interacting protein ͑GRIP͒. 17 This quantitative image analysis approach is important for understanding the actions of the coregulatory proteins, since earlier studies demonstrated that there was substantial heterogeneity from cell-tocell in the subnuclear organization of GRIP. 8, 10, 11 The results presented here provide a rigorous analysis of the subnuclear organization of green fluorescent protein ͑GFP͒-labeled GRIP within the transfected cell population. Significantly, we then compare the results obtained for GRIP with the quantitative image analysis of cells expressing a different class of coregulatory protein, the silencing mediator of retinoid and thyroid hormone receptors ͑SMRT͒ transcriptional corepressor. 18 We show that although the subnuclear focal bodies formed by GRIP and SMRT were separate and distinct, similar mechanisms likely regulate their formation. In both cases, there was a significant correlation between increasing protein expression levels and the formation of larger, more distinct subnuclear focal bodies. Our novel numerical method takes advantage of this linear relationship to normalize measurements of subnuclear morphology for differences in VFP-fusion protein expression level in individual cells. By correcting for the effects of variable fusion-protein expression level within cell populations, it will be possible to evaluate the effect of changing experimental conditions on the formation of these nuclear structures. Together, these results demonstrate the utility of quantitative image analysis and statistical modeling techniques to rigorously define the mechanisms that control subnuclear protein organization and function.
Materials and Methods

Expression Vectors and Cell Transfection
Nucleotide sequences encoding the monomeric variant of Discosoma sp. red, mRFP, 19 kindly provided by Tsien, University of California, San Diego, was substituted for the yellow fluorescent protein ͑YFP͒ encoding sequence in the EYFP-C2 vector ͑BD Biosciences Clontech, Palo Alto, California͒ to generate the mRFP expression vector. The expression vector encoding EGFP fused to the amino terminus of GRIP ͑GFP-GRIP͒ has been previously described. 8 The cDNA encoding the human SMRT repression and nuclear receptor interaction domains ͑AA 237-1495͒ 18 was inserted to the 3Ј end of the cDNA encoding EYFP ͑BD Biosciences Clontech͒ in the pNAss expression vector. 20 The expression vectors were verified by automated nucleotide sequencing. The mouse embryonic pituitary GHFT1-5 cells were transfected by electroporation, and cultured for 24 h on glass coverslips as described earlier. 21 
Digital Imaging of Protein Organization in Living Cells
The cover glass with the monolayer of cells was transferred to a medium-filled chamber that was fitted to the stage on the microscope. 21 The wide-field fluorescence microscopy ͑WFM͒ images were acquired using an inverted Olympus IX-70 microscope equipped with a 1.2 numerical aperture, 60ϫ aqueous-immersion objective lens. A 75-W xenon/ mercury combination lamp was used to illuminate the samples. An Opti-Quip ͑Highland Hills, New York͒ model 1962 long-term stabilizer was used to keep light intensity constant for accurate quantitative data collection. The GFP filter combination used 470/20-nm excitation with 510/20-nm emission, the YFP filter combination used 510/20 excitation and 560/40 emission, and the RFP filter combination used 560/40-nm excitation with 630/60-nm emission. Grayscale images with no saturated pixels were obtained using a cooled digital interline camera ͑Orca-200, Hamamatsu, Bridgewater, New Jersey͒. All images were collected at a similar gray-level intensity by controlling the excitation intensity with constant neutral density filtration, and by varying the on-camera integration time ͑0.1 to 8 s͒. Reference images of standard fluorescent beads were acquired to monitor consistency of microscope performance for all quantitative imaging experiments. All image files were processed for presentation using ISee software ͑ISee Imaging Systems, Raleigh, North Carolina͒ and Canvas 8.0 software ͑Deneba, Incorporated, Miami, Florida͒.
Automated Image Analysis
The automated image analysis algorithm was described earlier. 12 Briefly, the ISee graphical programming software ͑ISee Imaging Systems͒ was used to integrate a series of computerized image analysis functions into a single algorithm. The first subroutine uses a histogram-based statistical method to optimally threshold the image acquired in the RFP channel to identify the whole cell region of interest ͑ROI͒. The mean intensity of the area outside the whole nucleus ROI was measured in both the red and green channel images to define the background fluorescence. Optimal thresholding of the green fluorescence channel image was then used to select the whole nucleus ROI. Measurements of mean fluorescence intensity in the whole cell ROI and whole nucleus ROI were used to estimate the relative expression of mRFP and GFP-GRIP in each cell. The normalized relative fluorescence intensity for all images was expressed as gray-level per second exposure time.
A second subroutine then takes the whole nucleus ROI as input and optimally thresholds this region using an iterative method to separate areas of bright fluorescence from surrounding regions. Next, the subroutine measures the shape of each identified bright ROI using several parameters. For the studies of GRIP focal bodies described here, ROIs were empirically defined as statistically significant regions of elevated fluorescent intensities that have a contiguous size between 10 and 3000 pixels. Additionally, the spherical GRIP foci were defined by a roundness value between 0.9 and 1.5 ͓roundnessϭ͑4*pi*total area͒/͑perimeter 2 ͒, roundness of perfect circleϭ1͔, and an axial ratio value between 1 and 1.3. The algorithm automatically selects the ROIs that meet empirically determined shape parameters of GRIP protein focal bodies for further analysis. If the ROI does not meet the requirements of spherical GRIP foci, then the ROI is reanalyzed by automatic thresholding and shape measurements to determine if GRIP foci are located within the original ROI. The process is repeated until all ROIs are evaluated.
The area and fluorescence intensity of each selected focal body ROI is automatically measured and recorded. The center position of the selected GRIP focal body is then used to place a second rectangular ROI that measures the fluorescence intensity of the nucleoplasm surrounding the focal body. The size of the surrounding square ROI is four times that of the selected focal body. All the selected ROIs are marked in the image and each is annotated with the acquired data. All the measurements were automatically exported to text files, and further analysis was performed using spreadsheet software ͑Microsoft, Excel͒ to determine the relationship between the labeled protein expression levels and subnuclear organization.
Results
Unbiased Selection of Transfected Cells and Automated Image Analysis
The organization of transcriptional coregulatory proteins into highly ordered focal bodies within the cell nucleus is well documented, but little is known of biological mechanisms that regulate this organization. 8 -13,22 The nuclear receptor coactivator GRIP forms well-defined focal bodies in the nucleus, but there is also substantial variability in its distribution within the cell population, ranging from a diffuse nucleoplasmic distribution to an arrangement of highly concentrated focal bodies. 8, 11 This variability is exemplified by images of two cells taken from the same population expressing GFP-GRIP ͑Fig. 1͒. This cell-to-cell heterogeneity in GRIP distribution makes any analysis of the biological mechanisms that regulate GRIP subnuclear positioning based on ''representative images'' difficult, if not impossible. Therefore, it is necessary to use quantitative imaging techniques and statistical methods to describe the biology that underlies differences between the cells expressing GRIP. This rigorous statistical analysis of protein distribution also requires the random sampling of the cell population during image acquisition.
To accomplish this, we have taken advantage of the observation that when cells are cotransfected with plasmids encoding two or more protein fusions to VFP-color variants, most all the transfected cells express each different color protein. 15 Using this approach, cells are cotransfected with an expression plasmid encoding mRFP 19 and a second plasmid encoding the protein of interest, GFP-GRIP. This allowed the selection of cells for imaging based solely on the expression of the diffuse cellular mRFP, with no prior knowledge of the subnuclear organization of the coexpressed GFP-GRIP. The images shown in Fig. 1 demonstrate the selection of cells based on the expression of mRFP, and the subsequent detection of GFP-GRIP among the cells in the transfected population. Importantly, the examination of 45 randomly selected mRFPexpressing cells revealed that more than 95% also contained a detectable nuclear GFP-GRIP fluorescence signal. This confirmed that images of transfected cells expressing a protein of interest could be obtained using the mRFP channel without user bias to particular patterns of GFP-labeled protein distribution or expression level.
Within the transiently transfected cell population, individual cells express different relative levels of both mRFP and GFP-GRIP. In addition, as mentioned before, there is also substantial cell-to-cell variability in the subnuclear organization of the GFP-GRIP, and we want to quantify this organization of GRIP in a consistent and unbiased way. This was achieved by acquiring images using the GFP channel from each of the cells that were selected based on mRFP expression. The images of GFP-GRIP from many mRFP-selected cells were then batch analyzed using a computer algorithm designed to identify and measure the subnuclear distribution of proteins without any user intervention ͑see Sec. 2, Materials and Methods͒. The images shown in Fig. 1 illustrate the highly variable subnuclear organization of GFP-GRIP ͑Fig. 1 and Table 1͒ . Despite this, the algorithm identified GFP-GRIP focal body ROIs in the nuclei of both cells ͓Fig. 2͑a͔͒, and the morphometric data describing each ROI were automatically generated ͑summarized in Table 1͒ .
Each bright focal body is a region of highly concentrated GRIP protein, which is surrounded by regions that contain a lower concentration of GRIP, as illustrated by the intensity profile plots ͓Fig. 2͑b͔͒. The ratio of fluorescence signal originating from the foci to that from the surrounding region ͓white squares, Fig. 2͑a͔͒ defines the enrichment factor ͑EF͒, the steady-state concentration of protein maintained in the focal body. Quantifying the relative intensities of the focal bodies in the two cells in Fig. 2 revealed that the average enrichment factor for the foci in cell B was 1.4-fold higher than that for cell A ͑Fig. 2 and Table 1͒ . Finally, the algorithm determined an organization factor ͑OF͒ for each cell, which is the product of foci size and the enrichment factor. The greater the mean OF value, the larger and more distinct the focal bodies are in the cell nucleus ͑Fig. 2 and Table 1͒ .
Quantitative Analysis of Fluorescent Fusion Protein Organization and Expression Level in Cell Populations
To validate this approach, images of 45 cells were collected based solely on the mRFP signal, and were then analyzed for GFP-GRIP organization and protein expression using the automated algorithm. Statistical linear regression and ANOVA analysis confirmed that foci size, EF, and OF parameters were all significantly related to the GFP-GRIP expression level in each cell ͑F test p-valuesϽ0.05͒. The strong positive correlation between GFP-GRIP expression level and GFP-GRIP subnuclear organization in the cell population is illustrated by the calculated best-fit line in Fig. 3͑a͒ ͑F test p-valueϭ0 .0025͒. For the proteins studied in this report, we found that the changing OF values reflect significant changes in both focal body size and protein enrichment. However, this dependence of OF on both foci size and enrichment should be confirmed when applying this method to other experimental systems. Once this behavior is established, the OF value provides a convenient way to summarize the morphology of focal bodies. By revealing the statistically significant relationship between GFP-GRIP fluorescence intensity and OF values, this method firmly establishes that the formation of the foci is related to the amount of coactivator protein that is expressed.
The ratio of GFP to mRFP intensity for individual cells within the selected population was highly variable, and was distributed over a 250-fold range. This was reflected in the modest correlation of the expression levels of the cotransfected GFP-GRIP and mRFP ͓F test p-valueϭ0.014, Fig.  3͑b͔͒ . Moreover, since the mRFP did not colocalize with GFP-GRIP ͑Fig. 1͒, we would not expect mRFP to influence GRIP subnuclear organization. To verify this, we quantitatively compared mRFP fluorescence intensity to the GFP-GRIP organization in each cell of the population. Statistical analysis revealed that there was no significant relationship between these two parameters ͓F test p-valueϭ0. 36 , Fig. 3͑c͔͒ , eliminating the possibility that mRFP expression influenced the organization of GFP-GRIP. This supplies further evidence that mRFP expression is well tolerated by the cells, similar to other FP spectral variants. [23] [24] [25] [26] [27] Together, these results indicated that while most all transfected cells expressed both mRFP and GFP-GRIP, mRFP ex- Table 1 Summary of morphometric data from cells coexpressing mRFP and GFP-GRIP. All intensity data are relative fluorescence intensity with gray level per second camera time. EF is the mean foci intensity/surrounding intensity, and OF is the mean foci sizeϫmean EF.
Morphometric data
Cell A Cell B
Mean whole nucleus GFP intensity 83 177
Mean whole cell mRFP intensity 268 257
Mean foci area (pixels) 29 70
Mean foci intensity 101 336
Mean surrounding intensity 91 213
Mean enrichment factor (EF) 1.11 1.57
Mean organization factor (OF) 32 110 The morphometric data that were automatically extracted from these cells are summarized in Table 1 .
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March/April 2005 ᭹ Vol. 10 (2) pression was not a good predictor of GFP-GRIP expression level. This allowed the selection of cells expressing very low levels of GFP-GRIP by using the brighter mRFP signal, which is more easily detected by the user's eye. Further, the weak correlation of the expression levels of the cotransfected GFP-GRIP and mRFP allowed a more random selection of cells expressing different levels of GFP-GRIP in the population chosen using the mRFP signal. Accordingly, the sample of 45 cells selected for analysis included a 40-fold range in GFP-GRIP fluorescence intensity per nucleus ͑Fig. 3͒. Since the level of fusion protein expression is a major consideration in the interpretation of live cell imaging experiments, it is important to emphasize that the cells at the lower end of this range contained GFP signals that would be difficult or impossible to detect by eye. Therefore, the population of cells analyzed contained the cells expressing low levels of GFP-GRIP that would not have been captured using conventional qualitative imaging approaches. Although absolute quantification of the relationship between FP concentration and fluorescence intensity in living cells requires specialized techniques, 28 in vitro characterization of GFP over a 1000-fold concentration range revealed a linear relationship when measured using an epifluorescence microscope and CCD detector that was similar to the instrument used in this study. 29 Because the dimmest cells that we observe are at the limit of detection, it seems likely that the differences in fluorescence intensity that we measure here linearly represent the relative changes in the nuclear concentration of the coregulatory protein.
Normalizing Protein Organization Measurements for Differences in Fusion Protein Expression Levels
The interactions of coregulatory proteins such as GRIP with their nuclear receptor partners have been shown to affect the subnuclear distribution of the coactivators. For example, the distribution of GRIP in the living cell nucleus is affected by the expression of the estrogen receptor alpha ͑ER␣͒. 8, 10 However, the variability of GRIP distribution within the cell population makes the analysis of the interaction with coexpressed nuclear receptors very difficult to quantify without a rigorous cell population analysis based on an unbiased cell selection. Here, we illustrate this problem by sorting the cell population quantified in Fig. 3 into two subpopulations, expressing low and high levels of GFP-GRIP ͓Figs. 4͑a͒ and 4͑b͔͒. Based on differences in fluorescence intensity per nucleus, the expression level in these two subpopulations varies by more than three-fold ͓Fig. 4͑a͔͒. As expected from the earlier analysis ͓Fig. 3͑a͔͒, these subpopulations had significant differences in OF values because of the relationship of GFP-GRIP expression level to its subnuclear organization ͓Fig. 4͑b͔͒. If a second variable were added, such as the expression of an interacting protein partner, then the accurate interpretation of the results would require that the GRIP expression level effects be statistically separated from the effects of the coexpressed protein. Therefore, it is important to normalize the measurements of subnuclear organization for any differences in fusion protein expression level.
In the method employed here, this normalization is accomplished for each cell in the sampled population by dividing the GFP-GRIP OF by the relative GFP-GRIP fluorescence intensity for each cell. The resulting normalized value is indicated by the abbreviation OF/VFP. If the OF value is linearly related to the fusion protein fluorescence intensity, then this simple arithmetic process will quantitatively cancel the effect of changing expression levels from the OF values. In contrast, more complicated curve fitting methods would be required if the relationship between expression level and organization exhibited a strong nonlinear component. However, a linear relationship was suggested by the correlation of OF values with GFP-GRIP expression ͓Fig. 3͑a͔͒. To test the feasibility of this simple linear approach, we normalized the two different GFP-GRIP expressing subpopulations described in Figs. 4͑a͒ and 4͑b͒. As expected, the mean OF/VFP values were statistically identical for the two cell groups with different expression lev- Fig. 3 Cell population studies using the computer-assisted image analysis protocol. Images of 45 cells expressing mRFP and GFP-GRIP were acquired and analyzed. In the plots, each square represents data from a single cell. The best-fit line in each graph shows the relationship for the cell population between (a) GFP-GRIP subnuclear organization and relative GFP-GRIP expression level, (b) GFP-GRIP and mRFP expression levels, and (c) GFP-GRIP subnuclear organization and mRFP expression level. The gray areas define the 95% confidence intervals for the best-fit lines. The R 2 value and the ANOVA F test p-value estimate the correlation between the parameters as calculated by linear regression analysis. els ͓Fig. 4͑c͔͒. The accurate normalization for the GFP-GRIP expression levels was further confirmed by demonstrating that there was no significant correlation between the OF/GFP values and the GFP-GRIP expression level in each cell in the population ͓Fig. 4͑d͔͒. This statistical analysis showed that the expression level normalization method could effectively remove the influence of GRIP expression level from the morphometric data measuring GRIP subnuclear organization, allowing other experimental factors to be examined in isolation.
Comparison of Coactivator and Corepressor Subnuclear Organization
Similarly to the coactivator GRIP, the transcriptional corepressor SMRT has also been reported to form spherical subnuclear bodies. 13 Here, we directly compare the nuclear focal bodies formed by GRIP and SMRT. When GRIP and SMRT were coexpressed in the same cells, each protein formed its own distinct population of nuclear focal bodies ͓Fig. 5͑a͔͒. Considering this observation, it seems likely that proteinspecific interactions function to concentrate these divergent proteins into distinct subnuclear domains. Therefore, although focal body formation is a behavior common to these divergent protein families, these coregulators are not simply sequestered Fig. 3 were divided into two subpopulations based on expression of low levels (gray bars) and high levels (white bars) of GFP-GRIP. The graphs display the mean values for the morphometric data representing the two cell subpopulations. The displayed p-values estimate the significance of the difference between the two subpopulations as calculated by ANOVA and post hoc t-test. Error bars denote standard error of the mean. (d) For each cell, the OF value quantifying GFP-GRIP organization was normalized for the relative level of GFP-GRIP fusion protein expression. In the plot, each square represents the normalized data from a single cell. The gray areas define the 95% confidence intervals for the best-fit line. The R 2 value and the ANOVA F test p-value indicate that there is no significant correlation between the normalized morphometric data and GFP-GRIP expression level in each cell. via widely utilized protein interactions, such as those targeting general proteasome-mediated protein degradation. 30 When YFP-SMRT was expressed in cells, we observed that it had similar heterogeneity in its subnuclear distribution when compared to GRIP. Some cells had a more diffuse pattern containing very small focal bodies, while other cells had SMRT organized in larger, more concentrated focal bodies ͓Fig. 5͑b͒ and Table 2͔ . Next, YFP-SMRT expressing cells were randomly selected (nϭ28 cells͒ for image acquisition using coexpressed mRFP, and morphometric data describing the subnuclear organization were consistently extracted using the automated algorithm. Statistical analysis of the morphometric data revealed a linear correlation between YFP-SMRT expression levels and focal body organization ͓Fig. 5͑c͔͒. These results paralleled our previous studies of the coactivator GRIP ͑Fig. 3͒ and corepressor NCoR, 15 and suggested that the organization of both coactivators and corepressors is highly sensitive to changes in the concentrations of these divergent transcriptional coregulatory proteins.
To extend these observations and place them in context with our analysis of coactivator protein subnuclear distribution, the morphometric data for YFP-SMRT expressing cells ͓Fig. 5͑c͔͒ were divided into two subpopulations based on expression level. The results of this statistical analysis supported the linear correlation between expression level and focal body organization ͓Figs. 6͑a͒ and 6͑b͔͒. When the two different YFP-SMRT subpopulations were normalized for differences in expression level, the OF/YFP values were statistically the same ͓Fig. 6͑c͔͒, indicating the accurate normalization of the morphometric data. In addition, linear regression analysis confirmed that there was no significant correlation between OF/YFP values and YFP-SMRT expression in each cell within the population ͓Fig. 6͑d͔͒. These results are very similar to those characterizing the organization of GFP-GRIP in the cell population ͑compare Figs. 4 and 6͒, suggesting that this expression level normalization method will be useful in the study of many different subnuclear features.
Discussion
The assembly of transcriptional coregulatory proteins into highly ordered complexes within the cell nucleus is well documented, but little is known of biological mechanisms that regulate this organization. 8 -13,22,31 Fluorescence microscopy of proteins labeled with the VFPs provides a way to directly visualize the assembly of coregulatory proteins into these complexes, but this approach is complicated by the cell-tocell heterogeneity in the subnuclear distribution of these proteins within the cell population. We showed that the coactiva- Table 2 Summary of example cell morphometric data coexpressing mRFP and YFP-SMRT. All intensity data are relative fluorescence intensity with gray level per second camera exposure time. EF is the mean foci intensity/surrounding intensity. OF is the mean foci size ϫmean enrichment factor.
Morphometric data
Mean whole nucleus YFP intensity 54 216
Mean whole cell mRFP intensity 38 65
Mean foci area (pixels) 47 231
Mean foci intensity 183 1335
Mean surrounding intensity 88 315
Mean enrichment factor (EF) 2. tor GRIP is found in patterns ranging from a diffuse nucleoplasmic distribution to an arrangement of highly concentrated focal bodies ͑Fig. 1͒. This heterogeneity prevents the accurate analysis of GRIP subnuclear morphology under different experimental conditions using qualitative image analysis, since no single image can adequately represent the cell population.
To address this issue, we developed an integrated imaging method for the rigorous analysis of subnuclear protein morphology in heterogeneous cell populations. The approach combines unbiased image acquisition, automated morphometric data extraction, and statistical modeling to minimize subjectivity and error in the quantitative results. Each component of this method was designed to extract reliable biological information from complex digital imaging datasets. The statistical modeling of the quantitative imaging data was then used to characterize the complex behavior of GRIP morphology in cell populations, establishing significant differences between distinct subpopulations. By correlating measurements of multiple cellular features, we demonstrated that a concentrationdependent mechanism accounts for a large component of heterogeneity between cells for GRIP subnuclear organization.
The application of statistical modeling to digital imaging datasets requires an unbiased selection method to acquire the images. This is critical because unintentional user bias during the selection of cells for image acquisition will prevent the sampled cells from accurately representing the population. Although various fluorescent dyes have been used to select cells for automated image analysis, 32 these staining methods would not preferentially identify cells that exogenously express the VFP-labeled fusion protein of interest. In this study, we used the diffuse fluorescence signal from the cotransfected mRFP to select cells for analysis of GRIP subnuclear distribution with no prior knowledge of the localization of GFP-GRIP. This analysis revealed a weak correlation between the mRFP and GFP-GRIP expression levels ͑Fig. 3͒. Importantly, this weak correlation allowed the selection of a wide range of GFP-GRIP expression in the sampled cells, including cells that contained very low levels of GFP-GRIP that would not have been detected by eye. The application of statistical analysis to the selected populations of cells indicated that the level of mRFP expression was not correlated with the formation of GRIP subnuclear bodies. Taken together with our earlier population analysis of cells expressing YFP-labeled corepressor proteins, 15 these results confirm that the mRFP can be used to select cells during image acquisition without affecting the subnuclear organization of coexpressed transcription factors.
User bias in the selection and measurement of specific subcellular features also introduces inaccuracies into the morphometric data. This problem becomes more pronounced when multiple features within sets of digital images are subjectively measured, and the resulting error will hinder the analysis. 33 However, multiple morphometric measurements must be made for each cell within the sampled population to reveal the biological mechanisms that underlie the subcellular distribution of proteins. To resolve these issues, we applied a customized image analysis algorithm that automatically selected and measured multiple cellular features for each image within the dataset. The results demonstrated that the automated algorithm was robust, appropriately selecting subnuclear GRIP structures even in cells with a high degree of diffuse nucleoplasmic signal ͑Fig. 2͒. The important advantage of this approach is that all the cell images were reproducibly measured using the same rule-based system, with no user intervention.
In addition to the coactivator and corepressor proteins, many other nuclear proteins also organize in focal bodies or ''speckles,'' including splicesome subunits, p80 coilin, and promelocytic leukemia protein ͑PML͒. 4 -6 These structures form by a process of self-assembly, and the proteins within these structures are in dynamic equilibrium with proteins in the surrounding nucleoplasm. 7, 16, 31 Moreover, the interactions between the coregulatory proteins and the nuclear hormone receptors, which bind to DNA and function to control transcription in response to specific ligands, regulate the fraction of proteins localized in focal bodies. 8, 9, 16, 34, 35 For example, GRIP is recruited from focal bodies by its interactions with both the estrogen and androgen receptors. 8, 34 Further, the subnuclear organization and function of SRC-1, a related coactivator protein, are also regulated by these nuclear steroid hormone receptors in a ligand-dependent manner. 35, 36 Similarly, the transcriptional corepressor RIP140 forms spherical focal bodies that are redistributed by the glucocorticoid receptor. 9 In light of the heterogeneous distribution of the coregulatory proteins, however, the analysis of how the nuclear receptors affect the localization of the coregulatory proteins requires the use of an unbiased and quantitative imaging approach. Importantly, we show here that it is possible to normalize coregulatory protein subnuclear organization for the effects of expression level in each cell ͑Figs. 4 and 6͒. This normalization method allows the effects of DNA-binding factors to be statistically verified even in cell populations with different levels of coregulator concentration. Since differences in expression levels would interfere with the comparison of different experimental cell populations, these quantitative techniques will be critical for understanding how DNA-binding transcription factors regulate the subnuclear organization and function of coregulatory proteins.
Recent studies indicate that the transcriptional activity of the nuclear receptor-coregulatory protein complex is coupled to protein degradation, 37 and GRIP foci have been shown to contain some proteasome components. 11 Because several pathologies are linked to the formation of nuclear focal bodies by aberrant proteins that recruit proteasomes, focal bodies have been regarded as generalized sites of protein degradation. 38, 39 However, several lines of evidence argue against applying this point of view to all subnuclear bodies. First, the coregulatory proteins are not irreversibly trapped in focal bodies, but are in dynamic equilibrium with the surrounding nucleoplasm. 36, 40 Additionally, the coregulatory proteins associated with focal bodies maintain interactions with other functional protein partners, and the nuclear receptors regulate the fraction of proteins localized in focal bodies. 8, 9, 13, 34, 36 We showed for the first time that the focal bodies formed by a coactivator protein ͑GRIP͒ were separate and distinct from those bodies formed by a corepressor protein ͑SMRT͒ ͓Fig. 5͑a͔͒. This novel finding suggests that specific functional interactions must target coactivators and corepressors to the different subnuclear regions, supporting the previous evidence that subnuclear bodies are not merely sites of degradation for abberant proteins. We also used the quantitative image analysis approach to compare the formation of nuclear focal bodies by GRIP and SMRT. Despite their distinct subnuclear localization, statistical analysis revealed that the formation of both GRIP and SMRT focal bodies was directly related to the expression level of the coregulatory proteins ͓Figs. 3͑a͒ and 5͑c͔͒. In addition to the effects we have shown for coregulatory proteins, similar concentrationdependent behavior has been observed for other distinct spherical subnuclear structures, such as Cajal bodies. 41 It has been hypothesized that the exchange of proteins between subnuclear structures and the nucleoplasm is intricately regulated, 31 and changing protein expression levels may contribute to this process. Taken together, these results support a regulated mechanism of self-assembly of like proteins into distinct multimeric complexes, potentially serving as a reservoir for those proteins. [42] [43] [44] The broad goal of many cellular imaging studies is to understand how different experimental conditions regulate subcellular structure and function. In these studies, it is critical that the analytical techniques rigorously account for variability in the cell population. Here, the subnuclear organization of transcriptional coregulatory proteins was used to exemplify the complexity of imaging data that accurately represent the cell population. We have shown that rigorous quantitative imaging techniques are necessary to simplify the analysis of these complex datasets. The integrated methods that were validated in this report could be easily adapted to study the organization of other transcriptional regulators, or other subnuclear structures such as Cajal bodies or PML bodies. 4, 42 Based on these results, we propose that this novel combination of unbiased image acquisition, automated morphometric data extraction, and statistical modeling techniques will be essential for rigorously addressing many critical questions in cell biology.
